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As continuously  monitored by firefly luciferase bio- 
luminescence, rat liver  mitochondria  incubated under 
State 4 conditions slowly synthesized ATP by phospho- 
rylation of endogenous  adenine nucleotide. This ATP 
production was sensitive to upcouplers and  respiratory 
inhibitors  and  was  partially  sensitive  to  atractyloside. 
A lag  as long as 1 min occurred  between complete 
inhibition of respiration  and complete inhibition of ATP 
production. No lag  was  observed  for  inhibition by un- 
coupler or atractyloside.  The lag  after  respiratory in- 
hibition  was  shortened by concentrations of uncoupler 
well  below fully uncoupling levels. During  the lag, ATP 
was formed when  exogenous ADP was  added.  The  mag- 
nitude of ATP formation was a  decreasing  function of 
the  time  interval  between the addition of respiratory 
inhibitor  and  the  addition of  ADP. Formation of more 
than 2 pmol  of ATP/g of protein  was  consistently ob- 
served at intervals of 10 s or less. The initial rate of 
formation of this ATP approached  the rate of oxidative 
phosphorylation in the absence of inhibition. 
Safranin  was employed to monitor  membrane  poten- 
tial (A*). Under  conditions  where 2.25 pmol of ATP/g 
of protein was formed after 10 s of KCN inhibition, 
there was an accompanying 35% rapid  decrease in A* 
as compared to a  control  with  no ATP synthesis. By 
extrapolation, 100% of A* (the  major  component of the 
proton electrochemical gradient, Ab“+) was  equivalent 
to 6.4 pmol of ATP/g of protein.  This  high ATP equiv- 
alence of the  energized state  agrees well with predic- 
tions of the chemiosmotic hypothesis  but appears  to be 
inconsistent with a chemical coupling hypothesis or 
with  more  recently  advanced microscopic versions of 
chemiosmotic coupling. 
Mitochondria are generally recognized to become “ener- 
gized” under  certain conditions as, for example, during  State 
4 respiration.’ However, relatively few attempts have been 
made  to  determine  the nergy  equivalence of mitochondria in 
the energized state. Based  upon the  ability of rat liver mito- 
chondria to retain calcium ion after respiratory inhibition, 
Azzi and Chance (2) estimated that the energized state is 
equivalent to 0.3 pmol of ATP/g of mitochondrial  protein. In 
earlier studies,  Eisenhardt  and  Rosenthal (3, 4) calculated an 
energy equivalence of 0.8 pmol of ATP/g of protein from 
observations of an initial rapid  phase of ATP  formation  (ATP 
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jump) when ADP was added to energized mitochondria.  How- 
ever,  this  ATP  jump  has been subject  to varying interpreta- 
tions (5, 6) and could not be reproduced when ATP was 
measured  continuously  by  a luciferase  bioluminescence 
method (7). In view of the  paucity of information  concerning 
the energy  equivalence and lifetime of the energized state in 
mitochondria,  and  the  potential  importance of such informa- 
tion to  the mechanism of energy transduction, we have  un- 
dertaken a study of the energized state employing the sensitive 
bioluminescence technique developed in our laboratory for 
the  continuous  measurement of ATP in  suspensions of mito- 
chondria (7-9). We report  here  direct evidence  for the lifetime 
and  ATP equivalence of the energized state based  upon ATP 
production by energized mitochondria  after  respiratory inhi- 
bition. 
MATERIALS  AND  METHODS 
Mitochondria  from  the  livers of  200 to 250-g male  Sprague-Dawley 
rats were  isolated at  0-4OC by modification of Schneider’s  procedure 
(10). Livers  were  quickly  excised, cut  into  small  pieces,  and  homoge- 
nized as a 30% (w/v) suspension in 0.25 M sucrose. The  resulting 
homogenate  was  diluted  to 10% (w/v)  with  sucrose  and  centrifuged 
for 10 min at  600 X g.  The  supernatant was  carefully  removed  and 
centrifuged a t  9750 X g for 15 min. The  pellet  was  resuspended  and 
sedimented  three  more  times  with  centrifugations of  9750 X g for 10 
min each. The  final  pellet  was  resuspended  in  sucrose  to  a  concentra- 
tion of 50 or 100 mg of protein/ml. Mitochondria routinely gave 
respiratory  control  ratios of 6 to 8 after  addition of ADP  (11). 
Oxygen was  measured  polarographically  (12), and  ATP was  meas- 
ured continuously with firefly luciferase luminescence (7, 8). Lumi- 
nescence  was  detected  either  by  a  Brice-Phoenix  model  2000-D  light- 
scattering photometer or by the  photometer of an Aminco DW-2a 
spectrophotometer.  Vigorous  magnetic  stirring  was  provided  through- 
out.  A  detailed  account of the  methods  employed  to  quantitate  the 
continuous  luminescence  signal is provided  elsewhere (13). 
The oxidation-reduction  levels of cytochromes a+a . j ,   C+CI ,  and b 
were  measured by absorbance  changes at  the  wavelength  pairs 605- 
625 nm, 551-540 nm,  and 562-575 nm or 430-410 nm,  respectively,  in 
an Aminco DW-2a  dual  wavelength  spectrophotometer (1, 14).  Mem- 
brane potential (A*) was monitored at   the wavelength air, 511-533 
nm, in the  presence of 10 p~  safranin 0 as  described by ikerman  and 
Wikstrom  (15). 
The basic reaction medium in all experiments contained 155 mM 
sucrose,  5 mM MgCl,, 10 units/ml of luciferase, 7.1 PM luciferin, 1 mg/ 
ml of mitochondrial  protein,  and 11 m~ KPO, buffer,  pH 7.4, 23°C. 
Respiratory  substrate  was  either  5 mM 3-hydroxybutyrate or 5 mM 
sodium  succinate  plus 5 PM rotenone.  Other  additions  to  the  reaction 
medium  are  indicated  in  the  figure  legends. 
Protein was determined by a biuret procedure (16) using bovine 
serum  albumin  as  standard.  Purified firefly luciferase and  synthetic 
firefly luciferin were obtained from Du Pont Corp. Safranin 0 was 
obtained  from  Fisher  Scientific Co. FCCP’  was  kindly  donated by Dr. 
P. G. Heytler,  DuPont  Corp.  Other  reagents  were  obtained from the 
standard  sources. ___ 
’ The abbreviation used is: FCCP, carbonyl cyanide p-trifluoro- 
methoxyphenylhydrazone. 
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RESULTS 
Endogenous ATP Production  during  State 4 Respi- 
ration-Rat liver mitochondria slowly released  endogenously 
synthesized ATP  during  respiratory  State 4 incubation.  This 
release was monitored with firefly luciferase, an enzymatic 
probe of extramitochondrial ATP (Fig. 1). Because of product 
inhibition of the luciferase reaction, luminescence was not 
constantly proportional to ATP concentration, and it was 
necessary to use ATP  standards  to  quantitate  the  lumines- 
cence  signal at  various time  intervals (8,9). During  the fust 2 
to 3 min, however, the  change in proportionality was relatively 
small, and luminescence  was  a reasonably  accurate  measure 
of ATP concentration without the use of exogenous ATP 
standards. 
It is well known that isolated mitochondria rapidly and 
quantitatively convert exogenously added AMP or ADP to 
ATP  under  suitable  incubation conditions. This  observation 
extended  to  concentrations of adenine nucleotide as small  as 
1 FM or less in which case  the  ATP so formed appeared in 
addition  to  that  generated  from endogenous sources  (data  not 
shown).  The  phosphorylation of exogenous AMP was rapid. 
By contrast, in the  absence of added nucleotide the  appear- 
ance of extramitochondrial  ATP was slow (Fig. 1). The  latter 
finding suggested that endogenous ATP  production was the 
result of phosphorylation of adenine nucleotide originally 
contained in an  internal  compartment. 
ATP production  during  State 4 incubation was inhibited by 
atractyloside,  an  inhibitor of the  ADP/ATP  carrier (Fig. 2A). 
The  onset of inhibition was virtually  immediate,  but  inhibition 
was no  greater  than  about 50% even a t  very  high atractyloside 
concentrations (Fig. 2B) .  A similar onset of inhibition was 
obtained for atractyloside inhibition of active  (State 3) phos- 
phorylation, except that maximal  inhibition was virtually 
100% (11). 
These  observations  are  consistent  with  the  mechanism  pro- 
posed by Duee  and Vignais (17) for  oxidative phosphorylation 
of endogenous adenine nucleotide  by rat liver mitochondria 
in a magnesium-containing medium very similar to ours. In 
freshly  isolated mitochondria,  adenine nucleotide is localized 
almost entirely in the  matrix  space.  AMP is in excess of ADP, 
and there is very little ATP. At the beginning of State 4 
incubation, ADP is rapidly phosphorylated to ATP while 
AMP is only slowly converted  to  ATP.  The limiting step is 
l2 r " - - - 1 6  
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the  formation of ADP  from  AMP, since AMP itself is not a 
substrate for the  ATP  synthase of the  inner  membrane (7, 17, 
18). In  order for AMP  to be converted  to  ADP,  it must first 
leak out of the  matrix  space,  whereupon  it is transphosphor- 
ylated by adenylate kinase to ADP. The ADP so formed 
exchanges with intramitochondrial  ATP via the  ADP/ATP 
carrier  and is then  converted  to  ATP by oxidative phospho- 
rylation.  The  ADP/ATP  carrier-mediated  step explains the 
partial  atractyloside sensitivity of endogenous ATP  formation 
during  State 4. Thus,  the overall rate of oxidative phospho- 
rylation of endogenous adenine nucleotide and the rate of 
appearance of extramitochondrial  ATP  depend upon the  rate 
at  which AMP leaks out of the  matrix space. In  this respect 
the  formation of endogenous ATP resembles ATP  formation 
resulting from the slow, continuous addition of exogenous 
AMP  or  ADP. 
Lag in Inhibition of ATP Production  after  Inhibition of 
Respiration-Endogenous State 4 ATP production was in- 
hibited  by cyanide  and  antimycin as well as by rotenone when 
using 3-hydroxybutyrate as respiratory  substrate (Figs. 3 to 
5). Action by these  inhibitors on ATP synthesis, however, had 
an  onset delay of up  to 30 s or more. By contrast,  the  same 
concentrations of respiratory  inhibitors produced  nearly  im- 
mediate inhibition of active (State 3) oxidative phosphoryla- 
tion (Figs. 3 to 5). With  endogenous  State 4 ATP production 
the  duration of the  onset delay tended  to  decrease  as respi- 
ratory  inhibitor  concentration increased, especially for anti- 
mycin, and  to a lesser extent, for rotenone. These  inhibitor 
concentrations (10 to 20 times  greater  than necessary for full 
inhibition) produced an activation of ATPase as was evi- 
denced  by an  accelerated decline of luminescence. 
Uncouplers, such  as  FCCP, also inhibited endogenous State 
4 ATP  production (Fig. 6). Unlike respiratory inhibitors, the 
onset of action by FCCP was immediate. At  higher concentra- 
tions, FCCP caused a substantial, direct inhibition of the 
luminescence reaction itself as demonstrated by the rapid, 
concentration-dependent  drop of luminescence immediately 
following FCCP addition. This  direct inhibitory action could 
be demonstrated in the  absence of mitochondria. Other  un- 
couplers, such as dinitrophenol, dicoumarol, and carbonyl 
cyanide m-chlorophenylhydrazone, were also inhibitory  to  the 
luminescence reaction. Oxidative phosphorylation, however, 
was  sensitive to lower concentrations of uncouplers than  was 
luminescence. 
The onset kinetics observed for the various respiratory 
inhibitors suggested the existence of an energized state  that 
persisted  for many  seconds  after  the cessation of respiration. 
Time (rnin) 
FIG. 1. Luminescence (- - -) and extramitochondrial ATP 
concentration (M) during respiratory State 4 incubation. 
The reaction  medium is as described  under  "Materials  and  Methods." 
Succinate  is  respiratory  substrate.  Extramitochondrial ATP concen- 
tration was determined from several parallel experiments in which 
ATP  standard was added  after 1 to 16 min of State 4 incubation. 
"I 6tB 
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FIG. 2. Atractyloside inhibition of State 4 ATP production. 
A,  atractyloside  is  added  as  indicated,  and luminescence is recorded. 
B, State 4 ATP production in the presence of 0 p~ (-1, 2 p~ 
(W), and 8p~ (A) atractyloside is plotted versus time. Succinate 
is  substrate. 
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FIG. 3. Luminescence recordings of potassium  cyanide 
(KCN) inhibition of oxidative  phosphorylation. A ,  KCN is added 
during State 4, and B,  during  State 3. Adenine  nucleotide (AdN)  (15 
UM ADP  and 121 UM AMP) is added in B after 2 min. Succinate is 
substrate. 




FIG. 4. Luminescence recordings of antimycin inhibition of 
oxidative  phosphorylation. A, antimycin  is  added  during  State 4, 
and B,  during State 3. Reaction conditions  are  identical  with Fig. 3. 
AdN, adenine nucleotide. 
I t  was important to document, therefore, that respiratory 
inhibition in fact took place rapidly and completely under 
State 4 conditions. Since oxygen uptake was inhibited within 
the response time of the oxygen electrode (90% response in 10 
s), the oxidation-reduction states of cytochromes b, c+c,,  and 
a+as were examined utilizing dual beam spectrophotometry 
(Fig. 7). After addition of 1 mM KCN to  mitochondria  during 
State 4 incubation, all cytochromes immediately began to 
shift to a more reduced state. The half-times to maximal 
reduction were 8, 3, and 5 s, respectively,  for cytochromes b, 
cfc,, and a+aa (Table I). These  experiments showed that  the 
onset of respiratory inhibition by 1 mM KCN was quite  rapid 
and occurred within the mixing time (-1 s)  of the system. 
Since full reduction of the  cytochromes proceeded rapidly  as 
well, intrachain electron transfer is unlikely to explain the 
A B 
jorec 
FIG. 5. Luminescence recordings of rotenone inhibition of 
oxidative  phosphorylation. A, rotenone is added  during  State 4, 
and B,  during  State 3. Adenine  nucleotide (AdN), when added, is 15 
PM ADP  and 121 KM AMP. 3-Hydroxybutyrate  is  substrate. 
B 
FIG. 6. Luminescence recordings of uncoupler inhibition of 
oxidative  phosphorylation. A ,  FCCP is added  during  State 4, and 
B, during State 3. Reaction  conditions  are identical  with Fig. 3.  AdN, 
adenine nucleotide. 
observed lag in the luminescence  signal. Similar  results were 
obtained for  inhibition by 0.1 pg/mi of antimycin  (Table I) .  
Uncouplers in increasing amounts  shortened  and  then com- 
pletely abolished the lag in luminescence after respiratory 
inhibition  (Fig. 8A) .  The lag was  considerably more sensitive 
to uncoupler than was respiratory  rate. For  example, 20 nM 
FCCP  shortened  the lag (as measured by the  time  interval 
between KCN addition and the point of greatest rate of 
decrease of luminescence)  by 75%. However, this  same  con- 
centration of FCCP  stimulated  respiration  to nly 25% of the 
maximal uncoupler-stimulated  rate (Fig. 8B). 
ATP Equivalence of the  Energized State-If an energiza- 
tion hypothesis is correct, then discharge of the energized 
state should be accelerated by ADP coincident  with the 
formation of ATP.  This was our  observation (Fig. 9). Adenine 
nucleotide as a mixture of ADP  and  AMP was added  to  the 
State 4 mitochondrial  suspension at varying times following 
KCN addition. The result was ATP formation which de- 
creased as  the  time between additions increased. The initial 
rate of this ATP formation approached the rate of ATP 
formation in the absence of inhibitor. After 10 s of KCN 
inhibition, the initial rate  as  determined by the slope of the 
Energized State 
1 KCN/ 
l l  
7 
b 
1 30 sec 
FIG. 7. Cytochrome reduction after respiratory inhibition 
with KCN. Recordings of absorbance at  the wavelength pairs 605- 
625 nm (a+al), 551-540 nm (c+cI), and 562-575 nm ( b )  are shown 
from parallel experiments. Luminescence is shown in the bottom 
trace.  Additions are:  KCN, 1 mM; ATP, 1.0 PM. Succinate  is  substrate. 
TABLE I 
Oxidation-reduction  changes of cytochromes following  respiratory 
inhibition 
Conditions are  as Fig. 7. 
Cytochrome 
Inhibitor 
0.1 pg/ml of  -0.0015 (3 S)  -0.0046 (8 S) 
Antimycin 
" Listed is the  absorbance  change following inhibitor addition at  
the  stated wavelength  pair. The  half-time ( t i , ? )  of this  change is given 
in parentheses. 
luminescence  recording  was 65% of the  rate observed  in the 
absence of KCN (Table 11). Similar results were obtained 
using either antimycin or rotenone as respiratory inhibitor 
(Fig. 10). Antimycin and KCN added in combination gave 
results similar to  either  inhibitor  added alone. This last finding 
seems  to  rule  out fully intrachain  electron  transfer (e.g. the 
electron flow required  to  reduce fully the  chain  after  KCN 
inhibition of the  reaction  with oxygen) as  the  source of energy 
for this  ATP  synthesis.  The  magnitude  and initial rate of ATP 
formation  after various respiratory  inhibitor  combinations is 
given in Table 11. No significant ATP production occurred 
when nonrespiratory  inhibitors  such as FCCP  or  atractyloside 
were added  together with adenine nucleotide  (Fig. 11). 
The question arises, how do these various manipulations 
affect Ai&+? Under  the  conditions employed and using 10 mM 
phosphate, AbH+ is composed  primarily of A* (19). Therefore, 
of Mitochondria 5677 









FIG. 8. Uncoupler  influence upon  the  onset of KCN inhibi- 
tion of State 4 ATP production, Luminescence recordings are 
shown in A.  KCN (2 mM) and various amounts of FCCP  are  added  as 
indicated. In B, the  duration of the luminescence  lag and  the  rate of 
oxygen consumption  are  plotted versus FCCP  concentration. Succi- 
nate  is  substrate. 
we employed the electrogenic dye, safranin, to monitor A* 
(Fig. 12). Upon addition of mitochondria  to a State 4 medium, 
A* rapidly reached a new and more negative steady state 
value that remained constant until oxygen was exhausted. 
This more  negative steady  state was  rapidly and completely 
reversed by uncoupler (data not shown). KCN inhibition 
caused a much slower decrease of A+, since energy  from ATP 
hydrolysis was used to  sustain  the electrochemical gradient 
(Fig. 12). When  adenine nucleotide  was added 10 s following 
KCN addition,  there was a more  rapid  decrease of A+, espe- 
cially during  the initial few seconds.  Comparison of these  last 
two experiments shows that  adenine nucleotide addition 
caused A* to  drop  more rapidly by an  extra  increment  that 
corresponded to 35% of the full A*. Since 2.25 pmol of ATP/ 
g of protein were  produced as a result of the  adenine nucleo- 
tide  addition (Fig. 126), and since this  synthesis was associated 
with a decrease of 35% in A*, we calculate  that 100% of A* is 
equivalent  to 6.4 pmol of ATP/g of protein. 
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FIG. 9. ATP synthesis following KCN inhibition. Lumines- 
cence  recordings are shown in A .  KCN  (2 mM) and  adenine nucleotide 
(AdN) (15 p~ ADP  and 58 p~ AMP)  are  added  where indicated. In 
B ,  ATP formed is plotted versus the  time  interval  between KCN and 
AdN addition. ATP formation is corrected for ATP contamination 
(0.3 p ~ )  of AdN. 
TABLE I1 
ATP synthesis  after respiratory inhibition 
Conditions are  as Fig. 10. Succinate  is  substrate  except as indicated. 
ATP  synthesis was initiated by the  addition of adenine nucleotide 10 
s after  the addition of inhibitor. 
____. 
Inhibitor (concentration) ATP" Initial rate of ATP production" 
pmol/g protein pmol'min/' protein 
.~ . - .______ 
None 119,82' 
KCN (1 mM) 2.11 78 
Antimycin (0.1 gg/ml) 1.78 69 
KCN ( I  mM) + antimycin 1.81 79 
Rotenone (0.1 P M ) ~ .  0.90  41 
(0.1 gg/rnl) 
" Corrected for ATP  contamination (0.2 g ~ )  of adenine nucleotide. 
"Calculated from the initial rate of luminescence increase after 
' 3-Hydroxybutyrate is substrate. 
-~ - 
adenine nucleotide addition. 
/ 30 sec -
FIG. 10. ATP synthesis following respiratory inhibition by 
various agents. Additions where indicated during  the luminescence 
recordings are:  KCN, 1 mM; antimycin, 0.1 pg/ml; rotenone, 0.1 pM; 
adenine nucleotide (AdN), 20 p~ ADP  and 110 p~ AMP.  Succinate 
is  substrate in the  upper  three  traces.  In  the  bottom  trace, 3-hydrox- 




FIG. 11. ATP synthesis following inhibition with uncoupler 
or atractyloside (Atr). Additions where indicated are: FCCP, 0.4 
p ~ ;  atractyloside, 2 p ~ ;  adenine nucleotide (AdN), 15 p~ ADP  and 58 
p~ AMP. The  added  ADP  is  contaminated by a small  amount (0.3 
p ~ )  of ATP.  Succinate is substrate. 
DISCUSSION 
The action of respiratory inhibitors on endogenous ATP 
production  during State 4 permitted dissociation of oxidative 
activities from phosphorylative ones. A lag as long as 1 min 
occurred between complete inhibition of State 4 respiration 




( b) /- 30 sec 
FIG. 12. Membrane potential (A*) after respiratory  inhibi- 
tion. In (a), AA.,,, y,:3 is recorded in the presence of 10 p~ safranin 0. 
Luminescence recordings from  parallel experiments are shown in ( b ) .  
Adenine nucleotide (AdN) is added as indicated by the arrow at 10 
s following the addition of  KCN. Addition of AdN causes a more rapid 
decrease in the safranin signal. As indicated, the maximum difference 
between the  +AdN and -AdN trace corresponds to 35% of the total 
KCN-induced decrease in absorbance. Additions are: KCN, 1 mM; 
AdN, 20 ~ L M  ADP and 110 p~ AMP; ATP, 1.0 p ~ .  
and  complete  inhibition of ATP  synthesis.  The lag was ex- 
ceedingly sensitive to  uncoupler  and was greatly  shortened a t  
less than %n of a fully uncoupling concentration.  During  the 
lag, ATP could be  formed after  addition of exogenous ADP. 
The  magnitude of ATP formation was a decreasing  function 
of the time interval between respiratory inhibitor addition 
and  ADP  addition. 
The lag between  inhibition of respiration  and inhibition of 
ATP  synthesis was not  due  to a partitioning  artifact since we 
have observed  a lag even  after 16 min of State 4 incubation. 
This  length of time is much  more  than sufficient  for adenine 
nucleotides to  equilibrate across the  mitochondrial  membrane 
(20). Substrate level phosphorylation is also an unlikely source 
of this ATP production since both 3-hydroxybutyrate and 
succinate (+ rotenone)  are oxidized rapidly by simple  path- 
ways  which do  not involve a-ketoglutarate oxidation.  More- 
over, in the  succinate  experiments oxidation of any endoge- 
nous  a-ketoglutarate was blocked by rotenone. In addition, 
free energy  considerations a t  known matrix  metabolite levels 
preclude the  accumulation of succinyl-CoA  by  reverse  succinic 
thiokinase reaction in amounts sufficient to  account for the 
ATP production  observed after  respiratory inhibition (21,22). 
At concentrations  higher  than  those  required for complete 
respiratory  inhibition,  some  respiratory  inhibitors, especially 
rotenone  and  antimycin,  shortened  the lag and increased the 
rate of ATP hydrolysis subsequent to inhibition of ATP 
synthesis. Since  the lag interval was so sensitive to  uncoupler, 
it is reasonable  to conclude that  these  respiratory  inhibitors 
have weak uncoupling properties, especially at  concentrations 
several  times in excess of what  is  needed  to  inhibit  respiration 
completely.  Weak  uncoupling properties of respiratory  inhib- 
itors  have been noted previously (23). 
The findings presented here provide direct experimental 
support for the  concept of an energized state in mitochondria. 
Following inhibition of respiration the energized state dis- 
charges over a period of time  represented by the lag interval. 
AS expected, uncouplers “short circuit” the energized state 
and  hasten  its decomposition. The energized state  may  also 
be discharged in a manner coupled to ATP formation. We 
consistently observed that more than 2 pmol of ATP/g of 
protein could be formed that was coupled solely to the dis- 
charge of the energized state.  Respiratory  chain  transforma- 
tions following blockage of flux through the chain did not 
contribute  to  such  ATP  formation,  since  simultaneous  inhi- 
bition a t  more  than  one  site in the  respiratory  chain did not 
significantly  lessen ATP formation, and  since  spectral  meas- 
urements of the  cytochromes  demonstrated  rapid responses 
to  the  inhibitors employed. 
The  magnitude of ATP  formation coupled to  the discharge 
of the energized state is probably an  underestimation of the 
true energy  equivalence of the energized state. As pointed out 
by Azzone and coworkers (24), according to chemiosmotic 
theory  there is a threshold value  for A/.~H+ below which ATP 
formation cannot occur for given concentrations of ATP, 
ADP,  and Pi. In  agreement  with  this view, we observed that 
ATP synthesis could only be associated with 35% of the 
decrease in A* after respiratory inhibition. During  State 4 
incubation  the  phosphate  potential, AGp, reaches a value of 
15 to 16 kcal/mol (25). After respiratory inhibition and  ade- 
nine nucleotide addition, AGp dropped  to  about 9 to 9.5 kcal/ 
mol in our experiments. This decrease of -40% matches 
reasonably closely the observed 35% drop in A*. On this basis 
we calculate that a 100% drop in A* is equivalent  to 6.4 pmol 
of ATP/g of protein,  this  latter value representing  the  total 
energy equivalence of the energized state in rat liver mito- 
chondria. 
Although  high  values have been obtained from  postillumi- 
nation ATP synthesis by light-energized chloroplasts and 
bacterial chromophores (26, 27), our value for the energy 
equivalence of the energized state is an  order of magnitude 
greater than previous reports for mitochondria. Azzi and 
Chance (2), employing aequorin, a bioluminescent jellyfkh 
protein, measured  the  movements of endogenous mitochon- 
drial Ca” as  an  indicator of mitochondrial  energization. They 
concluded that the lifetime and ATP equivalence of the 
energized state in rat liver mitochondria were, respectively, 7 
-+ 2 sand  0.3 pmol of ATP/g of mitochondrial protein.  In  their 
experiments  both high  energy phosphate  bonds of ATP need 
to be counted so that  the energy  equivalence is 0.6 pmol of 
ATP/g of protein if only ATP  synthesis from ADP is consid- 
ered. The discrepency between  our  results  and  those of  Azzi 
and  Chance is not  readily  explained.  Considering our obser- 
vation  that  the energized state is extremely  sensitive to  un- 
coupler, the shortened lifetime and energy equivalence ob- 
served by Azzi and  Chance could  be due  to a small  amount of 
endogenous or  introduced uncoupler.  A more likely explana- 
tion, however, is that Ca2+ retention, like ATP synthesis, 
requires a threshold energy level and  that Azzi and Chance’s 
experiments measured the degree to which this threshold 
level was exceeded. 
Eisenhardt  and  Rosenthal (3 ,4)  reported a similar  value to 
Azzi and  Chance based upon  the  magnitude of an initial burst 
of ATP synthesis (ATP jump) when ADP was added to 
energized mitochondria.  Since  their  ATP  jump was insensitive 
to uncoupler, and since we were unable to reproduce their 
findings using the luminescence technique (7), it  appears likely 
that  their  ATP  jump  phenomenon is due  to  factors  other  than 
mitochondrial  energization as  has been  suggested (5, 6) .  
The value we calculate  for  the energy  equivalence of the 
energized state  represents  the  number of high  energy bonds 
that would be formed throughout  the  decay of the energized 
state if there were no threshold free energy level for ATP 
synthesis, i.e. if ATP  concentration were vanishingly small. 
Thus,  our value  for the energy  equivalence of the energized 
state is not expressed  in  energetic units  such  as kilocalories or 
joules per g of protein.  Rather,  our calculation is representa- 
tive of the  accumulation of “high energy  intermediates”  during 
energization. If we assume, in accordance with classical chem- 
ical coupling theory,  that  the  stoichiometry of high energy 
intermediate and ATP is one to one, then 6.4 pmol/g of 
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protein of high  energy intermediate  accumulates  during  ener- 
gization. This is nearly 2 orders of magnitude  greater  than  the 
concentration of the  respiratory  chain enzymes, since in our 
preparations  the  concentrations of the  cytochrome ua3 and 
cytochrome bc, complexes were, respectively, 0.12 and 0.08 
pmol/g of protein (28). It is unlikely, therefore,  that  any  direct 
chemical or conformational coupling mechanism could ac- 
count  for such a large amount of high  energy intermediate. 
For similar  reasons, our  data also appear  to be inconsistent 
with  various "microscopic" versions of chemiosmotic  coupling 
(24,29-31). In  these versions, ATP synthesis is coupled  within 
some microscopic domain to a proton  gradient which is not in 
equilibrium with the bulk, transmembrane  proton  gradient. 
Thus, although a transmembrane proton gradient may be 
generated  secondarily, the  question is whether  such a gradient 
can  drive  ATP  synthesis  at a rate sufficiently great  to  account 
for oxidative  phosphorylation. Thayer  and  Hinkle (32) have 
shown that ATP synthesis driven by an artificial proton 
gradient in submitochondrial vesicles equals  or exceeds the 
rate of ATP  synthesis by oxidative phosphorylation. However, 
since  oxidative phosphorylation by submitochondrial vesicles 
is subject  to significant activation effects  which may be  linked 
to  the  magnitude of the A* component O f A b H +  (33, 34), it is 
necessary to examine this problem employing intact mito- 
chondria. The data presented here demonstrate that mito- 
chondria  incubated  under  State 4 conditions maintain a  large 
energy pool which can be mobilized for  ATP  synthesis at  rates 
approaching the overall rate of oxidative phosphorylation. 
Since  this pool can  be so rapidly mobilized, it  must  represent 
an obligate intermediate in  oxidative phosphorylation  or be in 
rapid equilibration  with  such an  intermediate.  The localized 
proton gradient of microscopic coupling should comprise a 
much  smaller pool of stored energy than in classical chemi- 
osmotic theory, and its energy equivalence should approxi- 
mate, more or less, the  concentration of respiratory  carriers. 
Since  the observed energy pool was so large and so rapidly 
mobilized for ATP  synthesis, a microscopic coupling scheme 
cannot be supported. 
On the basis of his original formulation of chemiosmotic 
coupling, Mitchell (35) estimated  the energy storage  capacity 
of energized mitochondria depending  upon  whether A ~ H +  is
composed entirely of  ApH or entirely of A". Assuming a 
proton stoichiometry per coupling site of 2 and a totalA&+ of 
270 mV, then  the discharge of A&+ to zero is the  equivalent 
of 0.4 pmol of ATP/g of protein ifAbH+ is all A" and 45 pmol 
of ATP/g of protein if A ~ H +  is  entirely ApH. Our observed 
energy  equivalence of 6.4 pmol of ATP/g of protein is, there- 
fore, consistent with A b ~ t  being comprised of about 15% ApH 
and 85% A*. These values are similar to  direct  measurements 
of ApH and A" for energized rat liver mitochondria under 
conditions of similar ionic strength  and  phosphate  concentra- 
tion (19). If the proton stoichiometry per coupling site is 
greater  than two, as  has recently been suggested (36-38, cf. 
also 19, 24, 34), then  the relative contribution of  ApH toAfiw 
would be greater, since more  protons would be required for 
the  synthesis of the  same  amount of ATP. 
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